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Abstract 
This paper describes a simplified battery-management system using a digital signal processor for a 24-V 
battery-powered electric wheelchair to modulate and protect the battery from operating outside its safe operating 
area, such as over-temperature, under-temperature, over-voltage, under-voltage, over-current discharge, or 
over-current charging. Using the buck-boost circuit topology, we achieved and demonstrated both battery balance 
and protection in a prototype 12-V/40-Ah series-connected two-battery module. Simulation results show that the 
proposed battery management system is feasible for a 24-V battery-powered electric wheelchair application. 
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1. Introduction 
With the rapid development of science and technology, traditional hand-propelled wheelchairs have gradually evolved 
into electrically powered wheelchairs that can be operated by individuals with mobility impairments [1-2]. Recently, a wide 
variety of electric wheelchairs have emerged, including solar hybrid wheelchairs [3] and four-wheel-drive wheelchairs [4]. 
As various forms of electric wheelchairs continue to develop, energy sources, cost-effectiveness, and safety is also 
becoming increasingly more important topics of discussion [5-7]. Electric wheelchairs malfunctions have been reportedly 
causing potential traffic concerns. Power system diagnosis showed the majority of the incidents and damages to the system 
were caused by imbalanced or unprotected batteries. 
In this study, we developed a battery-management system (BMS) for electric wheelchairs. The electric motors of 
commercial electric wheelchairs are commonly powered by batteries. A single battery can only supply limited voltage and 
capacity and has a shorter battery life under a high-power state compared to multiple batteries. To operate in a high-voltage and 
high-power state, serially connected batteries are often used. However, balancing the capacity in serially connected batteries 
becomes a challenge as the batteries are often not identical, with capacity variance resulting from the manufacturing process, 
battery usage, such as repeated charging and discharging, or extended applications in a high-power state causing 
over-discharge. This results in an imbalanced capacity and voltage among serially connected batteries, which affects the 
overall lifespan and energy loss of the batteries. 
Many research articles [8-20] have proposed possible solutions to improve a series-connected two-battery module. The 
protection of energy storage in electric wheelchair batteries guarantees the safety of its users. 
2. System Specification 
We developed a block diagram of the battery-balancing system and battery-protection circuit, as shown in Fig. 1. Through 
a voltage-detection circuit, current-detection circuit, and battery-balance controller, the battery-balancing system can passively 
balance the voltage of two batteries by extracting voltage from the higher-potential battery to the lower-potential battery. 
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A digital signal processor (DSP) was used to measure, monitor, and convert the received battery voltage through an 
internal analog-to-digital converter and transmit the signal to the double-active switch of the buck-boost circuit. The PWM 
signal was modulated to control the on and off states of the switch to balance the current and voltage. 
The battery protection circuit was composed of a temperature-detection circuit, current-detection circuit, and 
battery-protection control circuit. During the charging or discharging stage of the series-connected two-battery module, the 
battery-protection circuit detected and transmitted voltage signals collected from the parameters of the surrounding 
environment, such as the charging current, discharging current, and temperature, to the DSP. These voltage signals were then 
converted through the internal analog-to-digital converter and transmitted to the corresponding switches for modulation and 
control. 
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Fig. 1 BMS block diagram 
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Fig. 2 Bidirectional buck-boost circuit diagram 
In this paper, we focused on the development of the DSP to understand the operating state of the battery based on the 
digital signals and to trigger the protection and balancing actions when necessary. 
Using a bidirectional buck-boost circuit, the battery voltage in serially connected batteries can be regulated, as shown in 
Fig. 2. 
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The bidirectional buck-boost circuit was composed of two power transistors S1, S2 and an inductor L to form a 
synchronous rectified, bidirectional power-transfer buck-boost circuit. Thus, the battery voltage can be regulated by 
transferring power from the higher-voltage battery to the lower-voltage battery. Starting with battery B1 as the basis, the 
operation was divided into two modes: buck mode and boost mode. Buck mode lowered the voltage of battery B1, whereas 
boost mode increased the voltage of battery B1. 
When the battery voltage VB1 was higher than VB2, the upper switch S1 was turned on while the lower switch S2 was turned 
off, forming a discharge path from battery B1 to inductor L, as shown in Fig. 3(a). This discharge current flowed through and 
stored power in inductor L. Next, the upper switch S1 was turned off while the lower switch S2 was turned on, forming a 
charging path from inductor L to battery B2, as shown in Fig. 3(b). This inductor current IL flowed into battery B2, charging the 
battery. In this operating mode, battery B1 was discharged while battery B2 was charged, effectively reducing the voltage of B1 
and increasing the voltage of B2. 
  
(a) S1 on, S2 off (b) S1 off, S2 on 
Fig. 3 Buck mode circuit diagram (a) (b) 
  
(a) S2 on, S1 off (b) S2 off, S1 on 
Fig. 4 Boost mode circuit diagram (a) (b) 
On the other hand, when the battery voltage VB1 was lower than VB2, the lower switch S2 was turned on while the upper 
switch S1 was turned off, forming a discharge path from battery B2 to inductor L, as shown in Fig. 4(a). This discharge current 
flowed through and stored power in inductor L. Next, the lower switch S2 was turned off while the upper switch S1 was turned 
on, forming a charging path from inductor L to battery B1, as shown in Fig. 4(b). This inductor current IL flowed into battery B1, 
charging the battery. In this operating mode, battery B1 was charged while battery B2 was discharged, effectively increasing the 
battery voltage of B1 and reducing the battery voltage of B2. 
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3. Simulation Results 
The circuit operation timing simulation in buck mode is shown in Fig. 5, where Vgs1 and Vgs2 were the operating gate 
voltages of switch S1 and S2 respectively, IB1 was the discharging current of battery B1, and IB2 was the charging current of 
battery B2. 
Similarly, the circuit operating timing simulation in boost mode is shown in Fig. 6, where Vgs1 and Vgs2 were the operating 
gate voltage of switch S1 and S2 respectively, IB1 was the charging current of battery B1, and IB2 was the discharging current of 
battery B2. 
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Fig. 5 Buck-mode timing simulation of a buck-boost circuit 
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Fig. 6 Boost-mode timing simulation of a buck-boost circuit 
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Fig. 7 Simulation result of the battery-balancing operation 
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Fig. 7 shows the simulation result of battery-balancing operations. The B1 and B2 voltages were 12.7 V and 12.08 V, 
respectively, with a 0.72-V delta. The battery voltage difference was clearly reduced to within 0.1 V during the measurement 
timeframe. 
Fig. 8 shows the simulation result of the battery’s voltage protection. When the battery voltage was higher than 30 V, the 
charging switch was turned on to stop the external voltage from charging the battery. As the battery voltage recovered to 24 V, 
the protection was switched off to allow normal operation in a closed circuit. When the battery voltage was lower than 21 V, 
the discharging switch was turned on to stop the battery from discharging to the load. Again, as the battery voltage recovered to 
24 V, the protection was switched off to allow normal operation in a closed circuit. 
Fig. 9 shows the simulation result of the battery’s temperature protection. When the temperature voltage was higher than 
4.43 V (lower than -1 °C) or lower than 2.5 V (higher than 43 °C), the charging and discharging switch were turned on to form 
an open circuit, activating the battery’s temperature-protection mechanism. If the temperature was within the operational range, 
both switches were turned off for normal operation in a closed circuit. 
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Fig. 8 Simulation result of the battery’s voltage protection 
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Fig. 9 Simulation result of the battery’s temperature protection 
4. Conclusion 
This paper successfully developed a BMS with a voltage-balancing and -protection mechanism, to achieve a 
voltage-balancing modulation, voltage monitor, current monitor, and temperature monitor for the battery. The description of 
these applications is as follows: 
Battery voltage balancing modulation: Monitor and modulate the charging and discharging current of each battery in 
serially connected batteries. Effectively increase battery’s lifespan via voltage regulation by balancing the batteries to within a 
0.1-V range. 
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Battery voltage monitor: When the battery voltage was higher than 30 V, the charging switch was turned on to form an 
open circuit to protect the battery from over-voltage charging. When the battery voltage was lower than 21 V, the discharging 
switch was turned on to form an open circuit to protect the battery from over-voltage discharging. 
Battery current monitor: When the battery current was higher than 25 A for longer than 1 s, the charging switch was 
turned on to form an open circuit to protect the battery from over-current charging. When the battery current was higher than 60 
A for longer than 1 s, the discharging switch was turned on to form an open circuit to protect the battery from over-current 
discharging. 
Battery temperature monitor: When the battery temperature was higher than 43 °C or lower than -1 °C, the charging and 
discharging switches were turned on to form an open circuit, protecting the battery from operating outside its safe operating 
region. 
5. Outlook 
The voltage-balancing and battery-protection mechanisms for a battery were developed successfully in this study. 
However, the safety parameters, electromagnetic compatibility (EMC), and tolerance need to be improved for practical 
applications. The description of these aspects is as follows: 
Safety parameters include settings for over-voltage, over-current, and over-temperature operations. If the parameters were 
too loose, batteries would be damaged before the protection mechanism was activated. On the other hand, if the parameters 
were too tight, the protection mechanism would activate within the safe operating region, interrupting the normal operation of 
electric wheelchairs. Thus, the definition of the safety parameters is critical. 
Electromagnetic interference (EMI) refers to the interference of the designed battery-balancing circuit and the 
battery-protection circuit with other electronic systems. Design in accordance with available EMI and EMC standards for 
power converters is suggested. 
Finally, tolerance refers to the operation of the designed battery-balancing circuit and the battery-protection circuit 
outside its safe operating region. Design in accordance with UL or CE standards for power converters is suggested. 
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